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interstitial cells of Cajal; smooth muscle; oocyte transport OVIDUCTS (fallopian tubes in humans) are smooth muscle-lined (myosalpinx) tubular organs that provide a conduit for transporting oocytes from the ovary to the uterus (12) . Electrical slow waves in oviducts are spontaneous, periodic depolarizations of smooth muscle cells that generate propulsive contractions of the myosalpinx and provide the mechanism for oocyte transport through the oviduct (11) . Slow waves have been recorded from oviducts of humans (28, 34) , mice (11, 48) , guinea pigs (40, 48) , and baboons (48) . Recently, the origin of oviduct electrical activity was traced to a specialized population of KIT-positive pacemaker cells termed oviduct interstitial cells of Cajal (ICC-OVI) (11) . ICC have been linked to pacemaker activity in other visceral smooth muscles, including those of the gastrointestinal (GI) tract (42) and urethra (37) .
The ionic mechanisms underlying pacemaker activity in the oviduct are unknown. In the GI tract, pacemaker activity of ICC depends on cellular handling of Ca 2ϩ (13, 19, 30) . Slow waves are abolished when extracellular Ca 2ϩ concentration ([Ca 2ϩ ] o ) is reduced (9, 14, 15, 24, 54) but also by inositol 1,4,5 trisphosphate (IP 3 ) receptor antagonists (35, 36, 53) . The importance of IP 3 receptors in pacemaker activity was confirmed when it was reported that slow waves were absent in the gastric antral tissues of IP 3 type 1 receptor knockout mice (47) . Thus it is currently thought that slow waves are initiated by voltage-dependent entry of Ca 2ϩ and is amplified by release of Ca 2ϩ from IP 3 -dependent intracellular Ca 2ϩ stores (20, 42, 53 -dependent inward pacemaker current in ICC, which may be carried by Ca 2ϩ -activated Cl Ϫ channels (CaCC) (21, 30, 44, 50) . Recently, a newly identified CaCC Ano-1 [encoded by Tmem16a; (6, 43, 56) ] was found to be expressed in ICC of the GI muscles, and these channels appear to be necessary for generation of slow waves (17, 25, 57) . In the urethra a similar dependence on [Ca 2ϩ ] o and CaCCs has been reported, but the source of intracellular Ca 2ϩ release has been identified as ryanodinesensitive stores (27, 44, 45) .
In the present study, our objectives were to investigate the importance of extracellular Ca 2ϩ , Ca 2ϩ influx pathways, and intracellular Ca 2ϩ stores in the generation of oviduct slow waves. Since electrical slow waves are the pacemaker events underlying oviduct phasic contractions that are essential for oocyte transport along the oviduct, a better understanding of the ionic basis of slow waves in this tissue may provide a basis for improving ductile motility and development of therapies for infertility.
METHODS
Ethical approval. Adult female BALB/c mice (30 -60 days old; Jackson Laboratory, Bar Harbor, MN) were killed via isoflurane (Baxter, Deerfield, IL) inhalation followed by cervical dislocation.
The animals were maintained and the experiments performed in accordance with the National Institutes of Health "Guide for the Care and Use of Laboratory Animals." All procedures were approved by the Institutional Animal Use and Care Committee at the University of Nevada.
Tissue preparation. Immediately after cervical dislocation, an abdominal incision was made and the entire reproductive tract was removed and placed in Krebs-Ringer bicarbonate solution (KRB). Microdissection was performed to uncoil the oviducts and dissect them free of the ovaries at the infundibulum and of the uterine horn at the utero-tubal junction. The resultant preparations were intact, un-coiled oviducts consisting of the four regions including the infundibulum, ampulla, isthmus, and intramural segments.
Oviducts used for RT-PCR were opened to reveal the mucosal surface. The mucosa was carefully removed by gentle stroking with curved forceps to reveal the underlying myosalpinx. Resultant preparations consisted of the myosalpinx and serosal layers of the oviduct. Preparations were then cut into three equal segments, which roughly correspond to the infundibulum/ampulla, isthmus, and intramural segments.
Drugs and solutions. Recording chambers for electrophysiology experiments were perfused at a rate of 3 ml/min with oxygenated KRB containing (in mmol/l): 120.35 NaCl, 5.9 KCl, 15.5 NaHCO 3, 1.2 NaH2PO4, 1.2 MgCl2, 2.5 CaCl2, and 11.5 glucose. KRB was constantly bubbled with 97% O2-3% CO2 at 37 Ϯ 0.5°C to maintain pH between 7.3 and 7.4. For experiments requiring low [Ca 2ϩ ]o, the quantity of CaCl2 in the KRB was reduced as necessary to yield 1.0, 0.75, 0.5, 0.25, 0.1, and 0 (nominally free, hereafter referred to as 0) mM Ca 2ϩ solutions. In some experiments reduction in Ca 2ϩ divalent ions from KRB was compensated with Mg 2ϩ ion substitution as previously described (54) . In experiments requiring low [K ϩ ]o, the salt concentrations in the KRB were unaltered except that 0.1 mM KCl was used along with 126.15 mM NaCl to compensate for the charge difference and maintain isotonicity. Nifedipine, pinacidil, nickel, caffeine, tetracaine, and 2-aminoethyl diphenylborinate (2-APB) were purchased from Sigma-Aldrich (St. Louis, MO). Cyclopiazonic acid (CPA) and BAY K8644 were purchased from Calbiochem (Rockland, MA), ouabain was from Tocris (Ellisville, MO), and ryanodine was purchased from Ascent Scientific (Princeton, NJ). Stock solutions of drugs were made in the relevant solvent (H 2O, ethanol, or dimethylsulfoxide as per manufacturers specifications) and diluted to the desired concentration in KRB before being applied to oviduct preparations by constant perfusion.
Electrophysiological and isometric force measurements. Oviduct preparations for electrophysiology experiments were pinned to the Sylgard elastomer (Dow Corning, Midland, MI) lined base of a recording chamber using fine tungsten pins (120 m diameter) to minimize movements of the muscle and permit extended durations of intracellular impalements. Smooth muscle cells located halfway along the oviduct length (in the isthmic segment) were impaled using sharp (resistance ϭ 80 -120 M⍀) glass microelectrodes filled with 3 M KCl. Transmembrane potentials were recorded onto a PC running Axoscope 9.2 software (Axon Instruments/Molecular Devices, Sunnyvale, CA) via an analog-to-digital converter (Digidata 1322A; Axon Instruments) with input from a high-impedance electrometer (Axoclamp 2B, Axon Instruments). In some experiments a segment of the myosalpinx was isolated using tungsten pins, and the opposite end of the oviduct was attached to an isometric force transducer (Gould-Statham UC3, Gould-Statham, Oxnard, CA) for the simultaneous measurement of intracellular electrical activity and phasic contractile activity. After pinning was completed, oviducts were left to equilibrate for at least 1 h before experiments were initiated.
Statistical analysis. SigmaStat (Systat Software, Chicago, IL) software was used for statistical analyses. Significance was calculated using either a Student's t-test or a one-way ANOVA followed by a post hoc Tukey test. P values of Ͻ0.05 were considered to represent statistically significant changes. All data are expressed as means Ϯ SE. The numbers of oviducts in which observations were made with each oviduct being from a different animal is referred to as n. Measurements of slow wave and contraction parameters, including RMP, frequency, amplitude, half-maximal duration, and maximum rate of rise of the upstroke (dV/dt max) were made using Clampfit 9.0 (Axon Instruments). Final figures were made from digitized data using Corel Draw 12.0 (Corel, Ontario, Canada).
Reverse transcription-polymerase chain reaction. Total RNA was isolated from BALB/c brain and oviduct (ampulla, isthmus, and intramural segments) using TRIzol reagent (Invitrogen, Carlsbad, CA) and the RNA was treated with 1 U/l DNase I (Promega, Madison, WI). First-strand cDNA was prepared from 1 g RNA using SuperScript II reverse transcriptase (Invitrogen) in a 20-l reaction containing 25 ng oligo dT (12) (13) (14) (15) (16) (17) (18) primer, 1 l 10 mM dNTP, 5ϫ firststrand buffer (250 mM Tris·HCl, pH 8.3, 375 mM KCl, 15 mM MgCl 2), and 0.1 M DTT. PCR was performed with specific primers for L-type and T-type Cav (Cacna1) channel ␣ subunits on 2 l cDNA using AmpliTaq Gold PCR Master Mix (Applied Biosystems, Foster City, CA). The PCR primers used are described in Table 1 . All primers were designed to span intronic sequences to eliminate amplification of contaminating genomic DNA in the source RNA. Amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a control for cDNA integrity. No-template PCR reactions served as controls for primer contamination. PCR reactions were performed in a GeneAmp 2700 thermal cycler (PE Applied Biosystems, Foster City, CA). The amplification profile was 95°C for 10 min to activate the AmpliTaq polymerase, then 35 cycles of 95°C for 15 s, 60°C for 20 s, and 72°C for 30 s, followed by a final step of 72°C for 5 min. RT-PCR amplification fragments were analyzed by size analysis on 2% agarose gels alongside a 100 base pair (bp) marker. Ca 2ϩ imaging. Oviducts were collected as described above. The tissues were treated with 0.7 mg/ml collagenase Type F and 2 mg/ml bovine serum albumin (Sigma) in 2 ml KRB solution for 4 min at 37°C to facilitate dye loading into oviducts. Tissues were washed out 
RT-PCR primers used in this study. All primers were designed against mus musculus GenBank sequences. Gapdh, glyceraldehyde-3-phosphate dehydrogenase. ϩ, Sense; Ϫ, antisense. and pinned down to the base of a Sylgard-coated dish. After an equilibration period (1 h), the oviduct preparation was loaded with Fluo-4 (25 g; FluoroPure-AM, Molecular Probes, Eugene, OR) in a solution of DMSO (0.02%) and Cremophor EL detergent (0.01%) for 20 min at 25°C. After incubation, the preparation was perfused with KRB (37°C) for 30 min to allow for deesterification of the dye.
Preparations were visualized and imaged using a Eclipse E600FN microscope (Nikon, Melville, NY) at different magnifications (Nikon Plan Fluor). Fluo-4 was excited at 488 nm (T.I.L.L. Polychrome IV, Grafelfing, Germany), and the fluorescence emission (Ͼ515 nm) was detected using a cooled, interline transfer CCD-camera system (Imago, T.I.L.L. Photonics) using 4 ϫ 4 binning. Image sequences (344 ϫ 260) were collected at 12.4 fps for 40 -60s using TILLvisION software (T.I.L.L. Photonics).
Image sequences of Ca 2ϩ activity in oviducts were analyzed using custom software (Volumetry G7mv, GWH). Ca 2ϩ waves that consisted of an ordered activation of ICC-OVI and smooth muscle cells in the longitudinal axis of the oviduct (ovary ↔ uterus direction) were measured using spatiotemporal maps (STMaps; Ref. 18 ). The frequency and velocity of each Ca 2ϩ wave was calculated. Because of the slow image acquisition rate, the maximum velocity that could be resolved at ϫ20 magnification was ϳ4 mm/s. For presentation purposes, the average background fluorescence was subtracted in STMaps to reveal dynamic changes in Ca 2ϩ fluorescence. Similarly, sequences of images showing the spread of Ca 2ϩ waves were differentiated (⌬t ϭ 162 ms) to better visualize the Ca 2ϩ wavefront.
RESULTS
Calcium activity in isolated mouse oviducts. Isolated mouse oviducts (n ϭ 25) displayed two main patterns of Ca 2ϩ activity: 1) the most common pattern consisted of Ca 2ϩ transients that spread along the oviduct as waves in the longitudinal direction (oviduct to uterus) and were often associated with a contraction of the oviduct that followed the Ca 2ϩ wave after a short delay (ϳ1 s). These waves occurred at a regular frequency of 9.19 Ϯ 1.06 cycles/min (n ϭ 19; mean interval between waves ϭ 6.53 Ϯ 0.75 s; range 2.08 -13.59 s; Fig. 1 ). There appeared to be a relationship between frequency and amplitude of Ca 2ϩ waves. In oviducts where spontaneous frequency was slow (interval between waves Ͼ 10 s), the duration of the average Ca 2ϩ transients was longer, and conversely, in oviducts that had a fast spontaneous frequency of Ca 2ϩ waves, the duration of average Ca 2ϩ transients was shorter. Interestingly, when the frequency of Ca 2ϩ waves was faster than ϳ20 cycles/min (interval ϳ3 s), two Ca 2ϩ transients often followed each other in quick succession, followed by a long refractory period after the second wave. The amplitude of the average Ca 2ϩ transient of the second wave was reduced compared with the initial wave. The relationship between frequency and amplitude of Ca 2ϩ waves is similar to what has been described in the colon (32) and is likely the result of the time needed to refill intracellular Ca 2ϩ stores. The velocity of propagating Ca 2ϩ waves averaged of 2.7 Ϯ 0.27 mm/s (n ϭ 19).
2) The less common second type of activity consisted of spontaneous intracellular Ca 2ϩ transients in isolated cells in the oviduct wall that were uncoordinated with respect to each other (n ϭ 6). Ca 2ϩ waves were not observed in these preparations. This pattern of Ca 2ϩ activity was observed in some tissues in which Ca 2ϩ waves were abolished with 0 [Ca 2ϩ ] o and occurred in a time-dependent manner before inhibition of calcium transients (Fig. 1D) .
Effects ] o in the perfusate was reduced in a stepwise fashion from 2.5 to 0 mM (nominally Ca 2ϩ solution) or until slow waves and contractions were abolished. In some experiments intracellular impalements were made from the same oviduct segment from which tension was recorded to make simultaneous recordings of electrical and mechanical activities (n ϭ 12). Slow waves were coupled to contractions on a 1:1 basis, and the slow wave always preceded the development of contraction by 0.35 Ϯ 0.08 s, as described previously (11) (Fig. 2A) . The force of phasic contractions was related to the duration of slow waves. Amplitude and frequencies of slow waves and contractions decreased as a function of [Ca 2ϩ ] o , and spontaneous activity was abolished at 0.25 mM (in 2 of 7 muscles; Fig. 2 , B and C) or in nominally Ca 2ϩ solutions (in 7 of 7 muscles; Fig. 2A ).
Reduction in [Ca 2ϩ ] o tended to depolarize RMP, but this effect was not statistically significant in the group of muscles studied (e.g., RMP averaged Ϫ68 Ϯ 4 mV in 2.5 mM and Ϫ63 Ϯ 3 mV when slow waves ceased at either 0.25 or 0 mM [Ca 2ϩ ] o ; P ϭ 0.746; n ϭ 7; Fig. 2D Fig. 2C and the summary log plot in Fig. 2G .
In 5/8 preparations, Ca 2ϩ waves were observed that propagated along the length of the oviduct in the field of view at a velocity of 3.3 Ϯ 0.4 mm/s (n ϭ 5; Fig. 1 ) and were followed by a propagating contraction after ϳ1 s (Fig. 1C) ] o abolished activity within 30 min in a time-dependent manner (Fig. 1D) .
Expression of Ca 2ϩ channel transcripts in oviduct myosalpinx. The results described above suggest that oviduct slow waves are indirectly dependent on the presence of [Ca 2ϩ ] o . A major influx pathway for Ca 2ϩ into smooth muscle cells is provided by dihydropyridine-sensitive L-type (Cav1.2) and dihydropyridine-resistant T-type (Cav3 subfamily) Ca 2ϩ channels. We performed RT-PCR to determine expression of Ca 2ϩ channel transcripts in the myosalpinx. RT-PCR identified the expression of Cacna1c, Cacna1d, and Cacna1f in the ampulla and isthmic segments of the oviduct (Fig. 3, B and C) ; however, only Cacna1d and Cacna1f were resolved in the intramural segment (Fig. 3, B-D) . All three transcripts encoding the Cav3 subfamily (i.e., Cacna1g, Cacna1h, and Cacna1i) were expressed in all segments of the oviduct (Fig. 3, B-D ; n ϭ 6 ducts from each segment).
Effects of L-type Ca 2ϩ channel blockade on slow waves. RT-PCR confirmed the expression of Cacna1c encoding the ␣ subunit of Cav 1.2 Ca 2ϩ channels in the myosalpinx (Fig. 3 ). Therefore, we tested the effects of the dihydropyridine nifedipine (0.1 M, n ϭ 6; 0.3 M, n ϭ 6; 0.5 M, n ϭ 5; 1 M, n ϭ 14) on oviduct electrical activity (Fig. 4, A-I ). Nifedipine caused a dose-dependent depolarization in membrane potential and a decrease in amplitude, frequency, and dV/dt max . At the highest concentration tested, nifedipine (1 M) significantly depolarized RMP from Ϫ60 Ϯ 2 mV to Ϫ47 Ϯ 2 mV (1 M; n ϭ 14; Fig. 4 , A-D and F; P ϭ 0.002) and abolished slow waves in 13 of 14 preparations (Fig. 4, A-D and G) . In the remaining one tissue, nifedipine decreased slow wave frequency (10.5 to 1.5 cycles/min), reduced slow wave amplitude (36 to 20 mV), and decreased the dV/dt max (171 to 122 mV/s).
These results suggest that calcium entry through Cav1 subfamily channels is essential for oviduct slow wave generation; however, it is possible that the depolarization in RMP that occurred in response to nifedipine may have negatively impacted pacemaker activity. Therefore, we investigated the ef- did not produce a change in RMP (Ϫ73 Ϯ 3 mV under control and Ϫ73 Ϯ 3 mV after oubain; n ϭ 4). Ouabain also had no effect on other slow wave parameters. In the continued presence of ouabain reduction in [K ϩ ] o to 0.1 mM still produced membrane hyperpolarization and loss of slow wave activity (n ϭ 4).
These findings demonstrate that calcium influx through L-type Ca 2ϩ channels plays a role in maintaining RMP and regulating slow wave frequency and dV/dt max but is not essential for slow wave generation. In fact our data demonstrate that a window of membrane potential exists that is permissive to pacemaker activity: slow waves were restored by repolarization negative to Ϫ50 Ϯ 1 mV and ceased when cells were hyperpolarized negative to Ϫ79 Ϯ 3 mV (n ϭ 6). Table 1 .
If nifedipine depolarized membrane potential and caused inhibition of slow waves, then the dihydropyridine L-type calcium channel agonist BAY K8644 should have the opposite effects on oviduct myosalpinx. We therefore examined the effects of BAY K8644 on myosalpinx slow waves. Under control conditions RMP averaged Ϫ67.5 Ϯ 3.3 mV and slow waves 42.3 Ϯ 1.1 mV in amplitude and 3.7 Ϯ 0.7 s in duration (half-maximal duration of 1.8 Ϯ 0.6 s) occurred at a frequency of 7.8 Ϯ 1.1 cycles/min. BAY K8644 (1 M) caused membrane hyperpolarization to Ϫ72.8 Ϯ 3.3 mV (P ϭ 0.002 compared with control) and slow waves 45.5 Ϯ 0.8 mV in amplitude (P ϭ 0.019) and 4.1 Ϯ 0.8 s in duration (halfmaximal duration of 2.1 Ϯ 0.5 s) occurred at a frequency of 6.5 Ϯ 1.1 cycles/min (P ϭ 0.011). The dV/dt max of the slow wave upstroke also increased from 161 Ϯ 31 under control conditions to 257 Ϯ 35 mV/s in BAY K8644 (P ϭ 0.001). The effects of BAY K8644 were reversible on washout (Fig.  4, J-M (Fig. 3) . We therefore tested whether Ni 2ϩ , a known T-type Ca 2ϩ channel antagonist, affected pacemaker activity. Ni 2ϩ (30-500 M) caused a concentration-dependent depolarization of RMP [Ϫ65 Ϯ 3 mV in control to Ϫ56 Ϯ 3 mV in 100 M (n ϭ 7; P ϭ 0.016) and to Ϫ31 Ϯ 10 mV in 500 M (n ϭ 3; P Ͻ 0.001); Fig. 5 , A-G and I]. A significant reduction in slow wave dV/dt max from 248 Ϯ 16 mV/s in control to 134 Ϯ 0 mV/s in 500 M Ni 2ϩ was also observed, suggesting a decrease in the current driving the depolarization (P Ͻ 0.001; Fig. 5, H and J) . However, even at 500 M, Ni 2ϩ failed to block slow waves in the oviduct. These results suggest that calcium entry though nickel-sensitive calcium channels may be involved in the generation of the upstroke component of slow waves but not necessarily in generating pacemaker activity.
Involvement of intracellular Ca 2ϩ stores in oviduct slow wave generation. It would appear from the experiments described above that [Ca 2ϩ ] o (and possibly influx through an undefined pathway) is important for maintenance of oviduct RMP to aid in the generation of slow waves. [Ca 2ϩ ] o may not be the only Ca 2ϩ source participating in generation of slow waves, as smooth muscle excitability has also been shown to depend on release of Ca 2ϩ from intracellular stores (4, 41) . We tested antagonists of ryanodine and IP 3 receptor-operated stores and inhibitors of the SERCA pump to investigate the First, we assessed the effect of caffeine, an activator of ryanodine receptor-operated channels (RyRs) (3, 51) , which causes emptying of ryanodine-sensitive stores. Relatively low doses of caffeine (1 mM) hyperpolarized RMP from Ϫ69 Ϯ 2 to Ϫ75 Ϯ 2 mV and abolished slow waves (Fig. 6, A-F ; n ϭ 5; P ϭ 0.004). The membrane hyperpolarization produced by caffeine is within the membrane potential range where slow waves were inhibited after reducing ([K ϩ ] o , see above). Therefore, the hyperpolarized membrane potential may be responsible for the loss of slow wave activity.
Spontaneous transient depolarizations (STDs), also referred to as "unitary potentials," have been reported to underlie the generation of slow waves in gastrointestinal muscles (13, 31) . In some experiments as caffeine inhibited slow waves, underlying STDs were revealed (Fig. 6, A, C, and E) . After several minutes exposure to caffeine, STDs were also abolished and a quiescent hyperpolarized baseline remained (Fig. 6D) . Upon washout, STDs returned and gradually increased in frequency and amplitude before full-amplitude slow waves developed (Fig. 6E) .
Role of RyR-operated intracellular Ca 2ϩ stores in slow wave activity. The effects of caffeine described above, suggest that ryanodine-sensitive Ca 2ϩ stores may be involved in the generation of slow waves. Therefore, we tested the effects of ryanodine and tetracaine. Ryanodine (50 M) caused RMP depolarization from Ϫ65 Ϯ 2 mV to Ϫ49 Ϯ 1 mV (Fig. 7, A-E; n ϭ 3; P ϭ 0.029) and decreased slow wave amplitude from 43 Ϯ 2 mV to 24 Ϯ 3 mV (P ϭ 0.026; Fig. 7, A-D and  F) . During initial exposure to ryanodine, slow wave frequency increased markedly (Fig. 7, A and C) . In the continued presence of ryanodine, slow wave frequency (10 Ϯ 1.8 cycles/min under control conditions and 6.1 Ϯ 3.3 in ryanodine) became irregular and often occurred in clusters. Similar results were obtained with tetracaine (500 M), which also inhibits RyR receptors (27) . Tetracaine depolarized RMP from Ϫ67 Ϯ 2 mV under control conditions to Ϫ35 Ϯ 4 mV (n ϭ 5; Fig. 7 , E-G; P ϭ 0.001) and decreased slow wave amplitude from 46 Ϯ 1 mV to 13 Ϯ 6 mV (Fig. 7 , E-G; P ϭ 0.003).
Since caffeine (1 mM) produced a different effect to ryanodine (50 M) and tetracaine (500 M); i.e., caffeine hyperpolarized membrane potential and inhibited slow wave generation, but ryanodine and tetracaine depolarized membrane potential and reduced slow wave amplitude; it suggests that caffeine may have effects other than its effects on RyRs. In the next series of experiments we tested the effects of a combination of caffeine (1 mM) and ryanodine (10 m) and then continued ryanodine (10 M) (Fig. 8, A-C; n ϭ 4) . Coapplication of caffeine and ryanodine inhibited slow waves (Fig.  8A ), but washout of caffeine in the continued presence of ryanodine caused depolarization and increased frequency of slow waves with irregular waveforms (Fig. 8C) . These results suggested that caffeine inhibits slow waves through a mechanism that does not involve RyRs.
Role of IP 3 -sensitive intracellular Ca 2ϩ stores in slow wave activity. We also tested the effects of the IP 3 receptor blocker, 2-APB (30 and 60 M) on slow waves. 2-APB (30 M) caused depolarization from Ϫ67 Ϯ 4 to Ϫ35 Ϯ 7 mV (n ϭ 5; P ϭ 0.01; Fig. 9A ). Similar effects were elicited by 60 M 2-APB (i.e., depolarization from Ϫ67 Ϯ 3 to Ϫ33 Ϯ 8 mV; n ϭ 5; P ϭ 0.005; Fig. 9B ). Slow wave amplitude was also decreased from an average of 45 Ϯ 2 to 17 Ϯ 6 mV with 30 M (P ϭ 0.02; Fig. 9A ) and 43 Ϯ 3 to 12 Ϯ 5 mV with 60 M 2-APB (P ϭ 0.008; Fig. 9B) .
Role of the SERCA pump in oviduct slow waves and calcium waves. In the next series of experiments we examined the effects of the SERCA pump inhibitor CPA (10 and 50 M). CPA (10 M) caused depolarization from Ϫ60 Ϯ 2 to Ϫ53 Ϯ 3 mV (n ϭ 5; P ϭ 0.023; Fig. 10A ). At 50 M, CPA depolarized cells from Ϫ67 Ϯ 2 to Ϫ52 Ϯ 5 mV (n ϭ 6; P ϭ 0.009; Fig. 10B ). Slow wave frequency was reduced by 10 M CPA (from 9.8 Ϯ 3.2 to 3.2 Ϯ 0.8 cycles/min; P Ͻ Fig. 7 . Effects of ryanodine and tetracaine on oviduct resting membrane potential and slow waves. A: effect of ryanodine (50 M) on oviduct electrical activity. B-D: regions identified in A at an expanded time scale. Ryanodine caused a depolarization in membrane potential that was associated with a reduction in amplitude but a transient increase in slow wave frequency. In the continued presence of ryanodine slow waves became irregular in frequency and waveform. E: effect of tetracaine (500 M) on oviduct electrical activity. Regions indicated in E are shown at a faster sweep speed in F and G. RMP was significantly depolarized, and slow wave amplitude was significantly reduced by tetracaine. Fig. 8 . Combined effects of caffeine and ryanodine on slow waves. To test whether caffeine was depleting ryanodine sensitive stores, pulse experiments were performed where tissues were treated with ryanodine in the presence of caffeine (A). Caffeine (1 mM) and ryanodine (10 M) caused inhibition of slow waves. After washout of caffeine, membrane potential depolarized above control levels and irregular slow waves reappeared. B and C show traces with a faster sweep speed from the regions indicated in A. 0.001; Fig. 10, A and C-E) , and slow waves were blocked by 50 M CPA (Fig. 10B) . The half-maximal duration of slow waves was markedly increased by CPA (10 M) from 1.8 Ϯ 0.2 to 5.7 Ϯ 0.7 s (P ϭ 0.006; Fig. 10E ).
To determine whether the block of slow waves by CPA was, in part, due to membrane depolarization. Cells were repolarized by reduced [K ϩ ] o (0.1 mM) in the continued presence of CPA (10 M, n ϭ 3, Fig. 10, C-F) . Reduced [K ϩ ] o caused repolarization that included a period when control RMP was restored. Slow waves were not restored by repolarization (Fig.  10, C and F) . These results suggest that intact intracellular calcium stores are necessary for slow wave generation in the oviduct and that the SERCA pump activity is necessary for refilling these stores.
The role of the SERCA pump on the generation and propagation of Ca 2ϩ waves was examined using Ca 2ϩ imaging. Ca 2ϩ waves consisting of propagating Ca 2ϩ transients that spread along the length of the oviduct (Fig. 11, A-C) . Ca Fig. 11D ).
DISCUSSION
In the present study we investigated the role of Ca 2ϩ in the generation of oviduct pacemaker activity. When [Ca 2ϩ ] o was reduced from 2.5 to 0 mM, the amplitude, frequency, and rate of rise of slow waves decreased, and pacemaker activity was abolished when [Ca 2ϩ ] o was reduced below 0.25 mM. Previous studies have shown that slow waves of the proximal colon (24, 54) , stomach (15, 29) , and small intestine (9, 14) ] i levels, which may influence Ca 2ϩ -dependent conductances in the plasma membrane. The generation of slow wave activity was dependent on Ca 2ϩ stores; most likely by release of Ca 2ϩ from both ryanodine receptors and IP 3 receptor-operated channels. Further studies of ICC-OVI and smooth muscle cells will be required to fully understand the mechanism of pacemaker activity in the myosalpinx.
Increases in [Ca 2ϩ ] i in smooth muscles can occur either by influx through ion channels in the plasma membrane or by release from intracellular stores (41). Cav1.2 channels, commonly expressed in smooth muscle cells, are activated by high voltages with maintained "window currents" in the range Ϫ50 to Ϫ10 mV (7, 16, 23) . Although L-type calcium channels play a prominent role in E-C coupling in smooth muscle cells, they are not involved in the generation of slow waves in other visceral smooth muscles (1, 21, 24, 39, 46, 55) . We confirmed that oviducts express the transcripts Cacna1c, Cacna1d, and Cacna1f that encode L-type Ca 2ϩ channels (Cav1.2, 1.3, and 1.4) and antagonists of these channels inhibited oviduct myosalpinx contractions (11) . Here we examined whether these channels played a role in pacemaker activity using the L-type calcium channel antagonist nifedipine and agonist BAY K8644. Nifedipine produced a 13-mV depolarization in membrane potential and caused cessation of slow waves. This effect is similar to that reported previously in the guinea pig myometrium where nifedipine produced an identical 13-mV depolarization and abolished spontaneous electrical activity (8) . In uterine muscles, depolarization caused by nifedipine was thought to be due to suppression of K v or K Ca channels. If Ca 2ϩ -independent K ϩ conductances contribute to RMP in the oviduct, then it is possible that suppression of such a conductance might cause the depolarization we noted. Opposite to nifedipine, BAY K8644 caused a 5-mV hyperpolarization and increased the amplitude and dV/dt of the upstroke of slow waves, suggesting that the effects of dihydropyridines on myosalpinx slow waves was related to calcium entry and not a nonspecific side effect of these compounds.
With at least two cell types involved in pacemaker activity and voltage responses in the oviduct, it is difficult to know the site of action of drugs in whole tissue experiments. Yet it is important to perform these experiments because isolated cells may not recapitulate the richness of behavior generated by intact muscles. Intracellular experiments in intact muscles can help to develop hypotheses for future cellular studies of ion Fig. 10 . Effect of the SERCA pump inhibitor cyclopiazonic acid (CPA) on slow waves. A and B: effects of CPA (10 and 50 M, respectively) on membrane potential and slow waves. At 10 M, CPA caused membrane depolarization and an increase in the duration of slow waves, which was associated with an initial increase, followed by a decrease in slow wave frequency. At 50 M, CPA caused membrane depolarization, an increase in slow wave duration before slow waves were inhibited. To determine whether the reduction or inhibition in slow wave frequency was due to membrane depolarization, 0.1 mM K ϩ KRB was used to hyperpolarize the membrane in the presence of CPA (C). In CPA, membrane hyperpolarization to control levels (dashed line) did not cause a return in slow wave activity. D-F: faster sweep speeds of the regions indicated in C showing the change in the waveform of slow waves. channels and mechanisms of regulation in isolated cells. In the present study we observed that the oviduct syncytium (composed of ICC-OVI and smooth muscle cells) and the pacemaker mechanism are highly sensitive to changes in [ wave was short (e.g., ϳ1.5 s), the amplitude of the current Ca 2ϩ wave was reduced. Similarly, when the time between a preceding and current Ca 2ϩ wave was longer (e.g., ϳ2.5 s), the amplitude of the current Ca 2ϩ wave was larger.
(Cav3 subfamily) Ca 2ϩ channels. T-type Ca 2ϩ channels activate at low voltages, having "window" currents in the range Ϫ80 to Ϫ20 mV (23, 26) . Antagonists of these channels slow the rate of the initial upstroke of the slow wave depolarization in GI smooth muscles and at higher concentrations can block slow wave generation and propagation (24, 30, 52, 55) . Although we found that Cacna1g, Cacna1h, and Cacna1i transcripts encoding Cav3.1, 3.2, and 3.3 are expressed in murine oviducts, nickel which blocks Cav3 calcium channels at low concentrations [IC 50 ϭ 250 M for Cav 3.1; IC 50 ϭ 13 M for Cav 3.2; IC 50 ϭ 216 M for Cav 3.3; (7, 33)] did not have a significant effect on oviduct slow waves. At higher concentrations, Ni 2ϩ (100 -500 M) caused membrane depolarization similar to that of nifedipine, and these effects were likely to be nonspecific effects on L-type Ca 2ϩ channels (22) . The possibility remains that Ca 2ϩ channels such as the dihydropyridine and Ni 2ϩ insensitive Cav1.3 channels, transcripts of which were found in the oviduct, might have a role in the generation of slow waves.
Despite the clear inhibition of pacemaker activity by CPA, responses to ryanodine and IP 3 receptor blockers were obscured by secondary effects on membrane potential. Thus the precise role of Ca 2ϩ stores in pacemaker activity is not easy to determine in whole tissue experiments. Ryanodine and 2-APB both caused depolarization but failed to fully inhibit pacemaker activity. The strong effects of these drugs on membrane potential suggest tight coupling between Ca 2ϩ stores and Ca 2ϩ -dependent conductances in the plasma membranes of ICC-OVI or smooth muscle cells. Such relationships between Ca 2ϩ stores and plasma membrane ion channels are common in smooth muscles, and it is well known, for example, that Ca 2ϩ release from stores can couple to Ca 2ϩ -activated K ϩ channels (to elicit net outward current) and to Ca 2ϩ -activated Cl Ϫ or nonselective cation channels (to elicit inward currents) (49) . In the case of the oviduct, it appears that outward currents are the dominant regulator of RMP because blockers of ryanodine and IP 3 channels resulted in depolarization. The nature of the Ca 2ϩ -dependent K ϩ conductances that participate in the regulation of membrane potential in oviduct cells will be the subject of future experiments.
The response to caffeine was of particular interest in the present study. Caffeine is often used to test the role of Ca 2ϩ stores in smooth muscles. Ca 2ϩ activates ryanodine receptors and can empty stores by this mechanism (3) . In the present study we found that caffeine rapidly inhibited pacemaker activity, but this did not appear to be due to emptying of RyR-sensitive stores, since a low concentration of ryanodine, known to maintain the open state of RyR, did not maintain the block of pacemaker activity imposed by caffeine. These observations suggest that caffeine might have another more dominant effect in either ICC-OVI or smooth muscle cells, by blocking metabolism of cAMP by inhibiting phophodiesterase (2, 5, 9, 10) .
In summary, the present study investigated the roles of extracellular and intracellular calcium sources in the generation of pacemaker activity in the murine oviduct. Oviduct pacemaker activity occurs over a broad membrane potential window and is dependent on extracellular calcium. Likewise, calcium waves propagating along the myosalpinx require extracellular sources. Individually, ryanodine receptors and IP 3 -sensitive stores appear not to be essential for the generation of oviduct slow waves but play a role regulating slow wave frequency. However, the SERCA pump is essential for slow wave generation and the propagation of calcium waves within the oviduct.
